Heat treatment can sensibly change the properties and microstructure of the material. Nevertheless, few studies have addressed the effect of postweld heat treatment (PWHT) on the mechanical properties and microstructure change of the friction stir welded joints of AA7075-T6. The purpose of this study is to investigate the effect of several post-weld heat treatments. Using different solution heat treatment, followed by quenching in ambient water and different ageing treatment for a different ageing time to improve the mechanical properties of 3 mm aluminium alloy 7075-T6 plate welded by FSW processes. Hardness profile is obtained across the weld using destructive test 'Vickers's hardness test' for both as-welded and post-weld heat treatment. Microstructure is characterised by the optical microscope to compare both treated and non-treated welded plate. The experimental results prove that friction stir welding process resulted in a loss of hardness and change in microstructure on the joined zone, dependent mostly on welding parameters including: tool shape, rotation speed, velocity or travel speed and tool tilt. The post-weld heat treatments lead to a significant change of microstructure in the joint area and provide a remedy for the loss of hardness of the welded bead.
Introduction
The aluminium alloy 7xxx series have become very popular in the industry due to the ratio of their high strength to density and mechanical properties but mostly to their lightweight (Kim et al., 2001; Santos et al., 2011) . Now days, in the case of aircraft metal skin, riveting techniques are used to joint aluminium plate although the welding can provide better performance such us reducing the added material and the gain in the weight. Unfortunately, this series of aluminium alloys have poor weld ability performance particularly by fusion welding technique. However, friction stir welding (FSW) technique has proven its capability to provide better results in term of mechanical property of the material. The solid state welding (SSW) technique can avoid problems of brittle dendrite structure, the absence of porosity, residual stresses and parent metal melting. A rotating tool constitutes of a special designed shoulder with in its centre a nonconsumable special designed pin. The pin is plunged with an angle of penetration into a butt joint between two clamped work-pieces to be joined until the shoulder touches the top surface of the work-pieces. The tool rotates at pre-set rotation speed and translates along the joint line also at pre-set translation welding speed. There are two sides of the work-piece: one side where tool-travel and tool-rotation are in the same direction named advancing side and the opposite side where the direction of the tool-travel and the tool-rotation are reversed is termed as the retreating side. The heat generated by friction between the tool and the work-pieces causes the agitated materials to soften without melting and the solid state joint is produced (Verma and Misra, 2015) .
There are a lot of advantage for using the FSW including: reducing the distortion, lowering the heat input and minimising the residual stress which produce better mechanical property (Kumar et al., 2015) . However, there is a reduction of mechanical property after welding (Venugopal et al., 2004) .
It is very difficult to predict and anticipate the mechanical behaviour of the welding joint zone. Many researches have been dedicated to define the phenomenon emerging from the FSW process in order to have a better understanding of the results of the process. Venugopal et al. (2004) , concluded that the fine re-crystallised grains in nugget zone are attributed to heat generated by friction and plastic flow and found a softened region in nugget zone that can be correlated to the dissolution and growth precipitates Mg 32 (Al, Zn) 49 . Hariharan and Nimal (2013) focused on the form of the shoulder and the pin. The results compared the effect of tapered pin and cylindrical pin type tools on tensile strength considering the rotation speed of 1,600 and 1,250 rpm with 2 mm/s traverse speed and 2° tool tilt angle. They concluded that the tensile strength was higher by 30% using the tapered pin then cylindrical pin for 1,250 rpm and 15% for 1,600 rpm.
Other researchers have studied the parameter of welding as the rotation speed, travel speed and tool tilt angle. For example, Rajakumar et al. (2011) investigated the influence of FSW process and tool parameters on tensile strength properties of AA7075-T6 joints where the tensile strength after welding was estimated and correlated with the micro hardness and microstructure of the weld nugget. They found that the joint produced by the parameters of 1,400 rpm, 1 mm/s welding speed, shoulder diameter of 15 mm and a pin diameter of 5 mm has higher strength properties compared to the other joints.
The way that interests us is by heat treatment. İpekoğlu et al. (2014) studied the FSW process on AA 7075-O and 7075-T6 using two different weld parameters 1,500 rpm for 400 mm/min and 1,000 rpm for 150 mm/min, with and without post-weld heat treatment and compared the results in order to restore the loss of strength by subsequent heat treatment. Significant increases in the strength of the joint performance occurred using post-weld heat treatment. The FSW process shows some diminution in the mechanical property after welding. In that case, we started this study in order to ameliorate and enhance the mechanical property. In this work, the effect of post-weld heat treatments on the microstructure and mechanical properties has been studied. FSW of 3 mm-thick AA7075 alloy is carried out. The changes in the microstructure of the 7075-T6 by FSW process and different zones are studied using optical microscopy and tested using Vickers hardness test mapping and compared to post-weld heat treatment (PWHT) sample.
Experimental procedure

Materials and methods
The material used for our study was an aluminium alloy 7075-T6 of 3 mm thickness, mostly used for structures that are subject to high compression and or high shear stress effect. The chemical composition of the employed AA 7075 T6 is given in Table 1 . Figure 1 represents the microstructure of our 3 mm thickness plate before any welding or treatment. It will be referred to the text as-received material.
A typical large and elongated shaped grain microstructure with fine precipitates is visible in sub grain boundaries but also the original grain interiors are visible in Figure 1 . This is a characteristic representation of hot-rolled and there after T6 tempered structure.
The results of the Vickers hardness and micro-hardness tests of as-received are shown in Tables 2 and 3 respectively   Table 2 Vickers hardness test of the raw material Several heat treatments were conduct on the as-received plate to select the heat treatment for the welding plate. Figure 2 shows the different steps followed to select the best post-weld heat treatment. 
Treatment Ageing Ageing
The purpose is to identify the best solution heat treatment (SHT) between four different temperatures. After that, quench it into ambient water and submit the specimens to Vickers hardness test (Hv) in order to determine which ones give the higher hardness. Three different ageing treatments for four different ageing are used in the SHT sample. The hardness test is performed to determine the best ageing treatment corresponds to the better hardness property. A sample was taken after each step and prepared by grinding disks, polished and finally etched with Keller's reagent: (190 mL H 2 O, 5 mL HNO 3 , 5 mL HCl, and 2 mL HF) in order to reveal the microstructure. After that a Vickers hardness test and optical microscopy were used to study the microstructure of each step and to select the best heat treatment.
After selecting the best heat treatment using Vickers hardness test, the plate was fixed using clamping system; the machine was adjusted using the following parameters: (rotation speed 1,400 rpm, velocity 120 mm/min, 2° tool tilt). After welding, the samples were sectioned perpendicular to the welding direction then prepared and pictured with optical microscope then tested by Vickers hardness test to illustrate the change in terms of loss of hardness. The previously selected heat treatment procedure was employed on the welded sample then prepared, pictured and tested with Vickers micro hardness test, then compared to the unheated sample. In order to evaluate the mechanical properties of the welded part, a comparison between the two samples is made (with and without heat treatment), and Vickers hardness distribution maps were conducted perpendicular to the welding direction through the cross section at an interval of 2 mm. Note that each point of our tests represents the average of four tests.
The Hv for four different temperatures 475, 495, 510 and 525°C, 10 minute holding time of SHT AA 7075-T6 is given by Figure 3 . 
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Experimental study on hardness property improved by PWHT of From Figure 3 , the highest hardness of 134 Hv is obtained during a solution at 510°C.
Figure 4
The microstructure in the solution state at 510°C for AA 7075-T6 Figure 4 shows the microstructures of our material treated at 510°C. This hardness obtained after SHT is lower compared to the T6 state. Thus, another treatment can only reduce these characteristics because of the existence of a certain quantity of phase η which was not dissolved in during the SHT; which leads to a small supersaturation of phase. Table 4 shows the results of the Vickers micro-hardness test on our material for solution state of 510°C. After finding the SHT that gave the best hardness result, the next step was heat treatment (agieng treatment/ageing time).
The evolution of the hardness for different ageing treatment for different ageing times is expressed in Figure 5 .
The results of the hardness test indicate an average of several tests for three samples. For each one of them, we performed four hardness tests on each time. It is noted from Figure 5 that the highest hardness of 186.33 Hv was obtained for ageing treatment at 160°C for 6 hours. Figure 6 shows the microstructures of the alloy after a solution at 510°C then ageing treatment at 160°C for 6 hours. We note from Figure 6 that to dissolve the maximum number of phases present in the material, it is necessary to apply the heat treatment at 510°C for 10 min for a thickness of 3 mm. This treatment should be followed by quenching in ambient water and Ageing treatment at 160°C for a period of 6 hours to obtain higher hardness structure. The hardness is lower for ageing temperatures higher or lower than the optimum temperature. From this remark, the parameters selected for the rest of the experiment are SHT 510°C/10 min followed by quenching in ambient water then ageing treatment at 160°C/ 6 h.
Welding process condition
The FSW has performed on a 3 mm thickness plate, 290 mm length and 210 mm in width supplied by the maintenance of Air Algeria Figure 7 . The welding tool was made of 42CD4 tool steel having a concave cone design shoulder with a diameter of 20 mm. A conical welding pin with of 6mm diameter on top, 4mm diameter on bottom and 2.9mm height was employed in the experiments. The welding tool was tilted 2° about the vertical axis. Also, the rotational speeds used for the welding was 1,400 rpm, whereas the longitudinal speeds were 120 mm/min. In this step, samples of welded plates were taken for micrographic analysis and hardness tested. The aim is to compare the results obtained before and after the heat treatments.
Results and discussion
Figures 8 to 13 represents the microstructure and hardness profile of the different zones obtained from the welded material (as-welded and PWHT).
In this part, three welded samples were subjected to a hardness test by scanning the base metal zone 1 (BM1) to the base metal zone 2 (BM2) passing through the weld joint with a pitch of 2 mm for both experience (as welded and post weld heat treatment). Figure 8 shows the overall view of Vickers hardness profile of the etched weld zone for the sample before and after heat treatment. The hardness profile indicates a decrease in the weld area of the as-welded compared to the as-received. It can be allotted to the dissolution of precipitates into solution in the stir zone. Thus the weld cooling rate does not help the nucleation and growth of the precipitates practically in the HAZ zone as illustrated in Figure 10 . A diminution in hardness throughout the region indicates also a coarsening of precipitates. It is noticed that the hardness minimum is concentrated in the HAZ zone. The softness of this zone can be explained by the presence of only thermal effects without any implication of mechanical deformation unlike TMAZ (Figure 11 ) or NZ ( Figure 12 ). Distance from weld centre (mm)
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The difference between one side to the other side of the weld centre can be explained by the fact that for one side the rotation velocity vector of the tool are in the same direction with the forward motion vector. This explains why one side is higher heated therefore higher the hardness. Analogous results were also reported for the same aluminium alloy (Rajakumar et al., 2011; İpekoğlu et al., 2014; Goloborodko et al., 2004; Motohashi et al., 2008) . After performing PWHT, the full recovery of the hardness loss compared to the aswelded hardness profile has become relatively homogeneous across the joint area. The same result was reported from other research (İpekoğlu et al., 2014) . The average hardness value obtained was 165 HV. An indication that PWHT of FSW for 7075-T6 restore the strength and the hardness in the weld area to level usually find in 7075-T6 as received.
Figures 9-13 show the various microstructures of the different zone of our welded material and visible change between them in terms of microstructure for as welded and the post weld heat treated. Figure 9(a) shows the microstructure of the base metal zone. The base metal does not undergo any micrographic changes but the same elongated grain structure. A large particles of Mg(Zn 2 , AlCu) or Mg 32 (Al, Zn) 49 also other inter granular particles are presents: η precipitates (MgZn 2 ), η' precipitates and Cr-based dispersoids but are not seen in the optical micrographs. Only be visible in transmission electron microscopy because these precipitates are too fine (MacKenzie and Totten, 2005) . Other particles were found: η, S particle (Al 2 CuMg) and T particle (Al 2 Mg 3 Zn 3 ). This one are typical of our material at grain boundary zone (Rhodes et al., 1997; Frigaard et al., 2001 ) A pinned Fe-based and Si-based were also be observed in the grain boundary region (Ayer et al., 1985) . In the HAZ zone in Figure 10 , the predominant phase is η' but the fraction of this phase tends to decrease when approaching the nucleus. The end of the HAZ zone the volume fractions in precipitate η' are accompanied by precipitates from the GP zone, but the precipitate η' is done as rarely to allow more space to the GP zone.
The microstructure is shown in Figure 12 (a) represents fine grain microstructure, formed in the stirred zone.
We note that homogeneously equiaxed fine grains about 3 µm size are developed in the whole area.
We can notice many second phase particles but no substructure dislocation in the formed fine grains.
The formation of the fine grains in the nugget zone can result from sort of continuous reaction, like a continuous dynamic re-crystallisation (Goloborodko, 2004; Rollett et al., 2004) . It is also noted that in this zone, the present phase is the GP zone.
After proceeding PWHT in Figure 12 (b), the microstructure shows a little growth of fine grains resulting from the increase in annealing temperature. We conclude that the heat treatment results in an increasing of the grain size. However, no extra-large irregular shaped grain was noticed in microstructure of our sample as was found by Goloborodko et al. (2004) and Hassan et al. (2003) , probably because within the time of 10min it did not grow and consume the surrounding fine grains.
A clear overall view of the cross section of the welded sample for the four zones is shown in Figure 13 (a). It is practically a V-shaped due to the tool pin shape. It appears that the FSW process has introduced serious plastic deformations in original grains. The grains between the NZ and TMAZ were elongated and bent because of serious deformation, especially shear one along the running track direction around the pin and in the same time new fine grains were developed. These results suggest that closer we are to the NZ more we can notice the development of new (with low to moderate) boundaries with high angle misorientations. Goloborodko et al. (2004) demonstrates that these boundaries are comparable to the geometrically necessary dislocation boundaries, this balances the strain gradients appearing in original grain interiors during weld process because of the serious plastic deformation.
The process leads to a high local lattice distortion in elongated original grain interiors, mainly to fragmentation the original grains to misorientated domains via development of geometrically necessary dislocation boundaries because of the high temperatures generated by friction process (Motohashi et al., 2008) .
The cross section of the sample in Figure 13 show us that fine grain structure was formed by the mechanical stirring action of the rotation of the headpin at 1,400 rpm causing a relatively high temperature of friction heat leading to several plastic deformations during the welding process. The movement of the metal around the pin leads to bending and elongation of the initial grains causing distortion and rotation of the local lattice, and causing in the original grains the formation of strong strain gradients, leading to the development of geometrical necessary dislocation boundaries (Motohashi et al., 2008) resulting in the evolution of fine grained microstructure. This mechanism in charge of the formation of fine grains was signalised in high plastic deformation for different materials in different research (Motohashi et al., 2008; Belyakov et al., 2001; Goloborodko et al., 2003) . Also, grain boundary sliding occurred during the welding due to friction heat generated by rotating pin (Motohashi et al., 2008; Kwon et al., 2003) . The grain boundary sliding results the formation of an equiaxial microstructure causing the grain rotation (Motohashi et al., 2008) . These continuous different processes lead to the development of new fine grains. Thus, the fine grains developed during welding process may result from the continuous reaction induced by deformation, similar to continuous dynamic re-crystallisation (Yang et al., 2002) . Some researchers explain the fact that the secondary phase particles support the continuous dynamic re-crystallisation during FSW for the material used. Rollett et al. (2004) assumed that it can provide stability of dislocation structures, stop the relaxation of strain gradients. Motohashi et al. (2008) found that along the newly developed boundaries are a lot of precipitates and so, the continuous dynamic re-crystallisation operation during FSW is depending on the stabilisation effect of dislocation substructures due to the second phase particles for the present material 7075 alloy.
Conclusions
Aluminium alloy 7075-T6 plate has been successfully joined by FSW process. The welding process is characterised by a significant grain refinement in the nugget zone but also leads to a serious plastic deformation in the microstructure of the alloy that can result from a sort of deformation-induced continuous reaction taking place, comparable with the continuous dynamic re-crystallisation.
A comparison between the two states (as-weld and PWHT), shows clearly the effect of heat treatments. The PWHT of AA 7075-T6 after being weakened during the welding process has changed the mechanical characteristics by obtaining a homogeneous weld bead with the hardness property close to the initial form (as-received).
The re-crystallisation of FSW of AA 7075-T6 after PWHT growth in fine grain microstructure at a temperature above 510°C is not enough to notice an extra-large irregular shaped grain grow up in just 10min SHT time. This growth behaviour can be attributed to secondary re-crystallisation and also confirms comparing with the investigation of Goloborodko et al. (2004) that the evolution of uniform fine grain structure can be at temperature up to 450°C.
It is clear that both geometry (pin, shoulder) and process parameters (tool rotation speed, traverse speed, tool tilt angle) are crucial to producing good weld joints but heat treatment can introduce micro-structural change and enhance the mechanical property.
